The use of finite element (FE) simulations in modeling and evaluating roadside hardware has increased significantly in the past few years. Thanks to the remarkable improvements in computer technology and finite element software, it has become possible to predict the behavior of automobiles and roadside hardware objects during crashes. In this paper, finite element simulations were used to evaluate the safety of Portable Concrete Barriers (PCBs). The first step was to develop a methodology for creating accurate FE representations of PCBs. This is achieved through the development of an FE model of an F-shape PCB design and using full-scale crash test data to validate the model. Having proven the fidelity and accuracy of the modeling methodology, FE models of two modified PCB designs were created and their safety performance was evaluated. Based the simulation results, a third design was developed and its performance was analyzed. The safety performance of the three designs was compared.
INTRODUCTION
The safety performance of roadside hardware designs has traditionally been evaluated through full scale crash testing. In recent years, advances in computational methods and computing speed have made simulation of vehicle impacts with roadside hardware objects practical. A powerful tool for this type of computer simulation is the dynamic finite element method commonly known as FEM. The FHWA/NHTSA National Crash Analysis Center (NCAC) has been conducting several finite element studies to analyze, evaluate, and improve the safety of roadside hardware. This paper summarizes such a study where the performance of Portable Concrete Barriers was evaluated. In the first section of the paper, a brief description of portable concrete barriers and their safety issues will be presented. The second section gives the PCB modeling methodology and the validation process. The third and final section shows the finite element study to evaluate the performance of three PCB design improvements.
PORTABLE CONCRETE BARRIER DESCRIPTION
PCBs are temporary barriers that are used in construction zones to protect road workers from passing traffic. With continuing expansion of US roadways, the use of PCBs has increased dramatically in recent years. These systems consist of several concrete segments that are connected at the ends to form a continuous barrier. The metal hardware that holds the PCB segments together are typically the weakest components and slight variations in their design can sometimes dramatically affect barrier performance. In addition, the profile or shape of the concrete segments leads to varied performance. Among the most popular shapes are the F and New Jersey Shape barriers. Some common connection types include the Pin and Loop, Tongue and Groove, Plate Insert, Channel Splice, Double Dowel, and IBeam connections (Figure 1 ). It has been found that some of these connectors have major performance issues and their relative safety is in question [1] . Safety concerns focus on PCB intrusion into the workzone as well as vehicle rollover following impact with barriers. These scenarios often lead to serious injuries and/or fatalities. It has been found that today's most widely used PCBs are among the least crash tested. Further, several current PCB designs have not been tested at all.
PCB MODELING METHODOLOGY
To develop an accurate representation of the PCB, several key features of the barrier design must be understood. Once these features are known, they may be incorporated into the FE model resulting in a realistic representation of the barrier system. Simplifications and assumptions can be made to reduce computation costs, however special care must be taken not to introduce inaccuracies in the model.
To develop an accurate finite element representation of the PCB, several key features in the PCB design needed to be examined and carefully modeled. The geometry of the PCB has significant effect on the outcome of the crash. The shape of the concrete blocks determines the mass and inertial properties of each segment. These characteristics have a direct effect on the magnitude of displacement of the impacted barriers. In addition, the post impact trajectory of the vehicle is highly affected by the slope of the PCB blocks. Lower slopes have the tendency to increase the lift, roll, and pitch of the vehicle. The pin and loop connection between segments, focused on in this study, allows rotation between PCB sections. This connection type also allows for translation between segments due to the initial gap in the pin/loop joints. Without accurate geometry of these components, the PCB kinematics will not be correctly represented in the model. Therefore, it was necessary to incorporate precise geometry of the actual concrete barrier and the pin and loop connections. This geometry was obtained from the design specifications for each PCB. Another key feature of the finite element simulation, which influences the PCB behavior, is the friction between the concrete blocks and the road surface. To ensure that the friction is correctly modeled, fullscale friction tests were performed (Figure 2 ). The friction tests consisted of first measuring the weight of the concrete block. A truck is then used to pull the concrete block. The block was pulled at three different speeds to check if the friction is rate dependent. The block was pulled along the lateral as well as the longitudinal direction to check if the friction forces depend on the direction of loading. The load required to pull the block was measured using a load cell and the speed was measured using a fifth wheel. Both measurement devices were connected to a personal computer where the data was collected and stored. The collected data was then used to determine the coefficients of friction. Moisture content and temperature were not considered in the tests. The friction test data showed that the friction coefficient does not vary with speed at which the concrete block is pulled. The data also showed that the friction coefficient is the same along the lateral and longitudinal direction. The measured dynamic coefficient of friction for all the tests was approximately 0.2. The static coefficient of friction was higher and was not the same for all the tests. This variation in static friction coefficient was not consistent with the variation of speed or the direction of the test. Based on these findings, the friction in the finite element model was assumed isotropic and rate-independent. The friction tests were simulated using the finite element code to ensure that the friction can be accurately modeled. The pin and loop connection is another factor that can affect the behavior of the PCB. The pin and loop can be modeled using joints, beam, shell, or solid elements. Joints are the simplest approach to modeling the pin and loop design. The joint options require minimum computation time, however they do not allow for the deformation that the pin and loop will undergo. Furthermore, this option does not allow for the translation due to slack in the pin/loop system. Using beam elements to model this connection will account for the deformations, but the contact within the pin/loop system is not robust. Solid elements are the most accurate means of representing the pin and loop geometry, but this is accomplished only with the use of small elements. These small elements lead to a large computational time and are currently impractical. Shell elements offer the best combination of computational efficiency and accurate behavior in modeling the pin/loop system. Hence, shells were used in modeling the PCB pin and loop connection in this study. Figure 3 shows the actual pin and loop connection (on the left) and its finite element representation (on the right). In this impact scenario the pin and loop connection undergoes large plastic deformations as shown in Figure 4 . Accurate modeling of these deformations was necessary to obtain realistic behavior of the PCB system. To ensure this accuracy in the model, component simulation tests were conducted using solid and shell element models of the pin and loop connection. These test simulations consisted of loading the pin and loop in tension, compression, and bending. The thickness of the shell elements was varied until its behavior matched the behavior of the solid element model. The choice of appropriate constitutive formulations for the PCB components is very crucial for the accuracy and efficiency of the model. The formulations have to selected such that correct material behavior is captured without the need for intensive computer computations. Parts that do not undergo significant deformations can be made rigid while parts that undergo nonlinear large deformations have to be modeled with elastic-plastic constitutive models. In the PCB model, the top portion concrete blocks were assumed rigid. This portion sees very little deformation that can be neglected. The lower portion of the concrete blocks, which comes in contact with the ground, is assigned an elastic material model. This purpose for making this region elastic and not rigid is to ensure the correct behavior of the contact between the concrete blocks and the rigid wall representing the ground. The elastic properties used for the concrete blocks were extracted from previously developed concrete FE models. Since the pin and loop undergo large deformations, they were assigned the piecewise linear isotropic elasticplastic material model (type 24). The data for the material is extracted from publicly available finite element models using the A36 standard steel. The material models used in this study are shown in Table  1 
PCB MODEL VALIDATION
Once all the features in the PCB designs were carefully implemented in the finite element model, the model was further validated using previously conducted full-scale crash tests. The PCB used in these tests is the Iowa pin-and-loop F-shape PCB [2] . The vehicle used in the test was a Chevrolet C-20 pickup truck. The impact speed was 100 km/hr (60 mph) and impact angle was 25 degrees. This test was conducted at the Midwest Roadside Safety Facility at the University of Nebraska-Lincoln. As discussed earlier a finite element model of the Iowa pin and loop PCB was developed and the full-scale crash test boundary conditions were replicated. Figure 5 shows the finite element model of a Chevrolet C2500 pickup truck used in this study [3] . Table 2 lists the details of the C2500 pickup truck model. This model is similar in size and weight to the C-20 vehicle used in the full-scale crash test. Even though the reduced version of the pick up truck model was used for the initial debugging of the model, the finial simulations were performed with the detailed version of the model because it has finer mesh which provides a better and more stable contact behavior between the vehicle and the barrier. The detailed pickup truck model was combined with the model of the F-shape PCB and its orientation, position, and speed were adjusted to reflect the full-scale crash test setup. Figure 6 shows the finite element model of the Iowa F-shape PCB. Close up views of the pin and loop connection are also shown in Figure 6 . Table 3 lists the details of the Iowa F-shape PCB model. Eighteen segments of the Iowa PCB were linked together to form a complete chain in the impact simulations. The two ends of the PCB segments were not constrained in the finite element model. The displacements of the first and last concrete segments were monitored to ensure that these displacements are negligible. Should this not be the case, additional segments would have been added to the finite element model until this condition is reached or the number of segments reaches the number of segments used in the full-scale crash test. 
Number of Parts 78
Number of Nodes 25,018
Number of Solids 1,034
Number of Beams 17,721
Number of Shells 10,572
Figure 6: PCB Model. 
NEW PCB DESIGNS EVALUATION
Once good confidence level was achieved in the PCB modeling methodology, the focus of the study was shifted to the evaluation and analysis of other PCB barriers. The design that was selected for this study is the pin and loop New Jersey (NJ) shape PCB. This design was found to have poor safety performance [1] . The concrete segments undergo large displacement upon impact with a vehicle, leading to high levels of intrusion in the work zone area. Furthermore, the higher the displacement of the PCB segments the higher the angle between the vehicle and the barrier, consequently increasing the vehicle pitch and roll and may cause vehicle rollover. To improve the performance of this PCB, five design modifications were introduced by the Texas Transportation Institute. These designs reduce the lateral motion of the concrete segments by stiffening the pin and loop joint area. These designs included:
• Concept 1: Plastic cover placed over joint and filled with sand.
Steel cover placed over the joint and bolted to the concrete blocks.
• Concept 3:
W-beam section connected to the back of the concrete blocks at the joint.
Tapered shims placed between the pin and loops.
• Concept 5:
Steel rod connected to the back of the concrete blocks through two steel angles.
Concepts 2 and 4 were favored by state highway representatives and were chosen for this study. In addition to these two designs, a new design that was developed at NCAC was also analyzed. To evaluate the performance of the original and the three additional modified barrier designs, four finite element models were developed. These models include the baseline, the cover plate, the tapered shims, and the separator block models. The next sections of this paper provide a description of each of these designs and compare their safety performance.
Baseline Model
The baseline model depicts the original unmodified design. This design is that of a NJ-shape Portable Concrete Barrier. The concrete segments in this design are 3.6 m (12ft) in length. The concrete segments are connected through a pin and loop system. This model is developed using the same methodology as the one used in developing the F-shape PCB. It is similar in all aspects to the validated F-shape PCB model with the exception of pin and loop size and the shape of the concrete segments. This model is used as a baseline with which the modified designs are compared. Figure 8 shows a close up of the NJ model on the left and the combined PCB / pickup truck model on the right. 
Cover Plate Model
The second model is that of the steel cover. The cover in this model is a 5 mm U-channel. The plate takes the shape of the concrete segments and is bolted at four locations on each side of the PCB. The steel plates increase the lateral stiffness of the PCB. To implement this design, additional drilling to each PCB segment is required. Figure 9 shows design drawing (on the left) and the finite element model (on the right) of the steel cover barrier. The finite element model of the steel cover design is obtained directly from the baseline design model. The only difference between this model and the baseline model is the addition of the steel cover components. The bolts are modeled in the finite element model using the rigid body constraint option in LS-DYNA [4] . 
Tapered Shims Model
The third model is that of the tapered shims (concept 4). Two tapered wedges were added at each joint and fitted between the pin and loop. These wedges remove the slack at the joint therefore reducing the rotation and translation of the PCB. This concept does not require any modifications to the original design components. Figure 10 shows the technical drawing and the finite element model of the tapered shim design. 
Separator Block Model
The separator block is the new concept developed at NCAC. The separator block is made of 6 mm thick steel and has four holes. It is placed between the concrete blocks and held in place with the existing pin. This design does not require any modifications to the original design components. Figure 11 below shows the finite element model of the separator block model. Figure 12 represents the displacement time history of the four simulations. The highest displacement magnitude of approximately 1600 mm is shown with a thick solid line corresponding to the baseline case. The tapered shim case, shown with thick dashed line, performs slightly better than the unmodified design. The remaining two design changes are shown in thin solid and dashed lines corresponding to the steel cover and separator block simulations respectively. These modifications result in a maximum displacement roughly 600 mm less than the baseline case. Both designs provide increased safety performance, however the separator block design is easily installed and does not require modification to the original hardware.
Modified Design Comparisons
Even though this study focuses on the PCB deflections and the amount of intrusion of in the work zone, the vehicle behavior was also examined. It was found from the simulation that the modified designs reduced the impact severity seen by the vehicle. The c.g. accelerations as well as the pitch and roll of the vehicle in the modified design simulations were lower in magnitude than the baseline simulation. This was anticipated, since the reduced PCB deformation leads to a decrease in the angle between the vehicle and the concrete segments ahead of the vehicle and therefore reduces the impact severity of the vehicle and its occupants. It can be concluded that the optimum case is to have no deformations of the barrier, i.e. make the PCB behave as close as possible to the permanent concrete barriers. This conclusion is supported by the fact that the permanent concrete barriers have better safety performance then PCBs. Data and animations from the four simulations can be furnished to interested researchers upon request. 
CONCLUSIONS
The potential for injury in work zones protected by PCBs has been identified as an area of concern in roadside hardware safety. In order to better understand and evaluate the performance of PCBs, finite element simulations have been employed. Subsequently, a finite element model of an F-shape PCB has been developed and validated utilizing full-scale crash tests. This process has examined the use of various finite element options to represent the physical behavior of PCB's in impact events. Friction tests were performed to determine the friction coefficients between the PCB and the road surface. A special modeling technique was used to recreate the pin and loop connection in order to produce accurate results without excess computational costs. The model was found to correlate well with fullscale crash tests. Subsequently, three design modifications of the New Jersey shape pin and loop PCB were evaluated using finite element simulation. The simulations showed that all three designs reduced the intrusion of the barrier in the work zone. The tapered shims design reduced the deflection by approximately 13 percent. The cover plate and the separator block designs performed similarly and reduced the displacement of the PCB by approximately 38 percent. Even though this study focused on the reduction of the intrusions in the work zone behind the PCB, it was found that the reduction in the deflection of the PCB also lead to a reduction in the impact severity seen by the vehicle and the occupant.
In conclusion, this study shows an example of how finite element simulations can be successfully and efficiently used to evaluate roadside hardware designs.
